Abstract: A decoupling method between two tri-band antennas for WLAN/WiMAX applications is presented. A monopole is first designed with tri-band characteristic; three resonating frequencies are generated by three separate resonators. Then, two tri-band monopoles are employed to develop a MIMO antenna system. The resonators of low band can reduce the mutual coupling for two higher bands by suppressing surface wave propagation. Finally, coupling reduction at low band is achieved by a Ω-shaped metal line to neutralize original coupling. The proposed MIMO antenna covers the 2.4/5.8 GHz WLAN and 3.5 GHz WiMAX bands, with the measured mutual coupling lower than −18 dB.
Introduction
Multiple-input and multiple-output (MIMO) technology is known as a good way for improving channel capacity and link quality of wireless communications [1] . However, when multiple antennas are integrated closely in a limited space at compact terminals, the strong coupling between antenna elements will significantly degrade the MIMO performance. Thus, the designing of compact MIMO antenna with low coupling has always remained a focused research area.
Many related kinds of literature have been reported recently, mutual coupling reduction is usually accomplished by introducing parasitic structure performing as a band-stop filter [2] , utilizing defected ground structure [3] or a modified ground plane [4] to restrain the surface wave propagation, employing metamaterial technology to control propagation characteristics [5, 6] , and using a neutralization line to cancel the initial current [7, 8, 9] . These methods can effectively reduce the mutual coupling to less than −15 dB. However, most of the existing MIMO antennas were developed to operate in a single band. Compared to the single band, due to the deterioration of the reflection coefficient caused by decoupling structures, the design of dual-band or tri-band MIMO antennas is more difficult. In [10] , coupling reduction among the dual-band is achieved when two slots are etched on the ground and two transmission lines are introduced at the top surface of the substrate. Reference [11] demonstrates a MIMO antenna operating in three bands. The coupling reduction for three resonating frequencies is obtained by etching a slot having T shape on the ground and adding a meandering-line resonator between two elements. Nevertheless, more than one decoupling structure is extra added in [10] and [11] , which may lead to a complex design and a largely occupied space.
In this paper, a novel tri-band MIMO antenna for WLAN and WiMAX applications is studied. The tri-band antenna element comprises a T-shaped monopole and two inverted-L ground stubs. At 2.4 GHz, the longer inverted-L stub can be considered as an antenna because it is coupled fed by the T-shaped monopole. At 3.5 and 5.8 GHz, it can weaken mutual coupling through suppressing surface wave propagation, which works as a reflective component. Thus, a selfcontained characteristic of low coupling at the middle and high bands can be obtained. It indicates that a tri-band isolation design is simplified into a single-band problem by self-decoupling analogy. In order to reduce the coupling at the low band, a neutralization line having Ω shape is printed between both monopoles, which is the only additional decoupling structure in this design. In Ref. [11] , isolation enhancement for three bands is achieved by two decoupling structures: a T-shaped slot and a meandering microstrip-line resonator. However, combination of the two decoupling structures may increase complexity of system, especially when the decoupling structures are complex. In this design, only one decoupling structure is required. Moreover, the decoupling structure is a Ω-shaped line, which has a simple structure and a compact size. Thus, compared to the design in Ref. [11] , this antenna guarantees high isolation in three bands and has a smaller size and simpler structure.
2 Antenna structure and decoupling method The two monopoles are employed to develop a MIMO antenna (labeled MIMO I) without any addition decoupling devices. The longer inverted-L stubs are located near the center of MIMO I, while the shorter ones are arranged on both sides. Fig. 3 shows the structure and S-parameters of MIMO I. Due to the symmetrical structure, the impedance of two input ports is identical. For clarity, only S 11 and S 12 are shown. At the two higher bands around 3.5 and 5.8 GHz, the MIMO antenna has a good operation in respect of impedance matching and decoupling characteristics. That is because the stub B can also reduce the mutual coupling for the two higher bands. However, the impedance matching characteristic at the low band is deteriorated by the high mutual coupling. To solve this problem, a Ω-shaped metal line is printed to link the two longer stubs (named Bs), which can neutralize coupling current from victim antenna to aggressor antenna through adding a new current path between them. In Fig. 4 , the MIMO antenna having the Ω-shaped line (labeled MIMO II) and its corresponding simulated S-parameters are illustrated. As shown, by introducing the Ω-shaped line, the mutual coupling at 2.4 GHz is weakened from −12 dB to −22 dB. Due to the removal of the deterioration on impedance matching caused by the mutual coupling, the S 11 at 2.4 GHz is improved from −10 dB to −33 dB. In addition, the Ω-shaped line, which is physically connected to the two resonators of 2.4 GHz, has little effect on S 11 at the higher frequency bands. That is because the tri-band monopole has three individual resonators for three different frequencies, the addition of Ω-shaped line only changes the performance of stub B. Moreover, the variation of S 21 is in an acceptable range. Therefore, when the Ω-shaped line is added, the re-optimization of other resonators is not required. MIMO II is the proposed tri-band MIMO antenna. 
Results and discussions
A prototype is built to validate the operation of the suggested tri-band MIMO antenna. The total size of the proposed dual-antenna is 30 Â 50 mm 2 , which is less than 30 Â 65 mm 2 in [10] and 65 Â 100 mm 2 in [11] . In Fig. 5 , the measured and simulated results on S-parameters are plotted and a good agreement between them is realized. The fabricated MIMO antenna operates over frequency bands of 2.3-2.6 GHz, 3.2-4.1 GHz, and 5.6-6.1 GHz, with the corresponding mutual coupling of lower than 18, 21, and 31 dB. The operating frequency spectrum covers most of the WiMAX and WLAN frequency bands. The measured radiation patterns with one port excited at frequencies of 2.4, 3.5, and 5.8 GHz are presented in Fig. 6 . For measurements, during the excitation of port 1, port 2 is cut off with a matched load of 50 Ω. The radiation patterns can be visualized in term of Cartesian planes by associating them with the Cartesian coordinates system as shown in Fig. 1 . The patterns show a stable and omnidirectional characteristic on both x-z and y-z planes and it has a visible deformation on the x-y plane. That is because the main resonators for individual frequencies are arranged in parallel on the x-y plane. In addition, the gains in the patterns have been normalized. The antenna peak gains are about 1.36, 2.01, and 4.58 dBi at 2.4, 3.5, and 5.8 GHz frequencies respectively. Meanwhile, measured radiation efficiencies are 70.2% at 2.4 GHz, 76.6% at 3.5 GHz, and 82.3% at 5.8 GHz.
The diversity performance of the MIMO antenna can be evaluated efficiently by the ECC (envelope correlation coefficient). The low value of ECC is the foundation of good diversity gain and high channel capacity. It can be calculated from the efficiency and S-parameters using the following formula [12] :
As shown in Fig. 7 , at the desired operation bands, the ECC of the suggested MIMO antenna is less 0.1, that is much lower than the criterion of low ECC (ECC < 0:5).
Conclusions
A decoupling method for tri-band MIMO antenna has been reported in this paper. Due to the dual function of longer inverted-L stub and the small occupied space of the Ω-shaped line, the proposed decoupling method is compact in size with the simpler structure compared to most of conventional multiband MIMO antennas. The proposed MIMO antenna shows good performance with a compact size, which can be integrated into various terminals operating in WLAN and WiMAX bands. 
